In-oral delayed-release capsule, or directly into the ascending colon (only in healthy controls). We compared L and M excretion in urine collections at specific times in 12 patients with IBS-D, 12 healthy controls, and 10 patients with inactive or treated ulcerative or microscopic colitis (UC/MC). Sugars were measured by high-performance liquid chromatography-tandem mass spectrometry. Primary endpoints were cumulative 0 -2-h, 2-8-h, and 8 -24-h urinary sugars. Radioisotopes in the colon at 2 h and 8 h were measured by scintigraphy. Kruskal-Wallis and Wilcoxon tests were used to assess the overall and pairwise associations, respectively, between group and urinary sugars. The liquid in the colon at 2 h and 8 h was as follows: health, 62 Ϯ 9% and 89 Ϯ 3%; IBS-D, 56 Ϯ 11% and 90 Ϯ 3%; and UC/MC, 35 Ϯ 8% and 78 Ϯ 6%, respectively. Liquid formulation was associated with higher M excretion compared with capsule formulation at 0 -2 h (health P ϭ 0.049; IBS-D P Ͻ 0.001) but not during 8 -24 h. UC/MC was associated with increased urine L and M excretion compared with health (but not to IBS-D) at 8 -24 h, not at 0 -2 h. There were significant differences between IBS-D and health in urine M excretion at 0 -2 h and 2-8 h and L excretion at 8 -24 h. Urine sugars at 0 -2 h and 8 -24 h reflect SB and colonic permeability, respectively. IBS-D is associated with increased SB and colonic mucosal permeability.
DISRUPTION OF INTESTINAL MUCOSAL barrier function is thought to play a role in the etiopathogenesis of a variety of gastrointestinal diseases including inflammatory bowel disease (21) , enteropathy attributable to nonsteroidal anti-inflammatory drugs (2) , celiac disease (4, 29) , irritable bowel syndrome (IBS) (9) , severe acute pancreatitis (16) , and chronic liver disease (7, 11) . Edematous gut wall secondary to heart failure may also alter intestinal barrier function (27) . The intestinal barrier is typically assessed in vivo by permeability tests, which involve oral administration of inert, water-soluble probe molecules such as sugars and radiolabeled EDTA that are absorbed through the intestinal mucosa into the bloodstream and recovered unchanged in the urine. Alternatively, mucosal barrier function is measured using biopsies from the intestinal segment of interest and assessing the passage of probe molecules of different molecular sizes using the Ussing chamber technique in vitro.
Among the molecules used to measure intestinal permeability in vivo, the saccharides lactulose and mannitol have been considered ideal for testing small intestinal permeability. Mannitol is a monosaccharide with a molecular diameter of 6.5 Å (3), which is hypothesized to freely move across the small intestine at the tip of the villi, where there are channels to allow permeability of such small molecules. In contrast, lactulose is a disaccharide, 9.5 Å (3) in molecular diameter, which cannot traverse through these small channels but can move through larger ones found in the villous base and crypt. Because mannitol and lactulose are partially degraded by colonic bacteria, their use for measurement of colonic permeability has been questioned. However, Meddings and Gibbons (20) showed that 25.9 Ϯ 23% (SE) of mannitol and 25.9 Ϯ 10% of lactulose remained after incubation in a simulated rat colon microbial environment; therefore, this bacterial metabolism should not differentially alter cumulative urine excretion of these sugars.
The artificial disaccharide sucralose and chromium-labeled EDTA ( 51 Cr-EDTA) do not undergo fermentation by colonic bacterial fermentation, and they are therefore considered ideal for characterizing colonic permeability. However, patients who have undergone ileostomy pass a considerable proportion of orally ingested sucralose in the urine, suggesting that it is absorbed in the small intestine (1, 23) . A recent study assessed the 24-h excretion profile of lactulose, mannitol, and sucralose in adults, and the cumulative recovery of all three molecules was found to be similar over time (19) , confirming that sucralose is not selectively absorbed in the colon.
Many previous studies have used only one probe for testing permeability; however, the use of a single probe molecule has traditionally been thought not to account for interindividual differences of transit, which can affect results of permeability measurement. Instead, the use of two different-sized molecules attempts to correct the measurement of permeability for comparisons between groups, assuming that an individual's transit profile affects all molecules in solution similarly. A monosaccharide and disaccharide, such as mannitol and lactulose, respectively, are recommended to test intestinal permeability.
Several studies have used the urinary saccharide excretion (USE) test to document altered permeability in IBS. However, the previous studies (see Table 1 ) used nonstandardized, highly variable time intervals for the requisite urinary collections, rendering it unclear whether small intestinal and/or colonic permeability were being measured.
There have been no methodological enhancements in the in vivo measurement of permeability since the adoption of two or three sugar excretion tests and using the excretion ratios among the sugars to correct for potential differences in the site of absorption of the probes. In a prior preliminary study, the importance of timing urine collections for measurement of permeability was identified; we showed that more than 50% of orally ingested saccharides in solution had reached the colon in just 2 h (5), far more rapidly than the 3, 5, or 6 h typically used to estimate small bowel permeability. This same study also showed that the use of excretion ratios among sugars needs to be interpreted carefully.
We performed two studies to address the following aims: 1) to validate the USE test as a measurement of small bowel and colonic mucosal permeability, and specifically to identify the optimal time for USE to measure small bowel permeability in healthy patients and patients with IBS-diarrhea (IBS-D); and 2) to compare small intestinal and colonic permeability in patients with IBS-D with healthy volunteers and a positive control group of patients with ulcerative or microscopic colitis (disease states known to disrupt the intestinal epithelial barrier). The inclusion of the positive control group was intended to confirm that the USE test is sensitive enough to detect permeability changes in patients with presumed disruption of the intestinal barrier.
MATERIALS AND METHODS

Design and Participants
In the first study, we compared USE after oral ingestion of liquid and delayed-release capsule formulations vs. intracolonic administration of lactulose and mannitol dissolved in radiolabeled solution to confirm the location of saccharides at standard time points by radioscintigraphy in healthy volunteers. Thus 12 healthy volunteers participated in a three-way crossover trial evaluating the urinary excretion of lactulose and mannitol after oral liquid formulation, oral delayedrelease capsule, or intracolonic administration. All participants underwent all three study arms on separate occasions, the order of testing was randomized, and laboratory personnel conducting the urine assays were blinded.
In the second study, 12 patients with IBS-D per Rome III criteria and 10 patients with biopsy-proven diagnoses of either treated/inactive microscopic or ulcerative colitis were recruited and underwent urinary excretion measurements of lactulose and mannitol after ingestion of both oral liquid and delayed-release capsule formulations on separate occasions; they did not undergo intracolonic saccharide administration. Order of testing was again randomized, and the personnel conducting the urine assays were blinded. Data from the 12 healthy controls in the first study were used as a negative control for comparison with the two disease groups. An ancillary analysis that utilized the data from the first and second studies evaluated the optimal time for USE after liquid formulation to measure small bowel permeability in the conditions of greatest interest in our laboratory, that is, healthy controls and patients with IBS-D.
The studies were all approved by the Mayo Clinic Institutional Review Board, and all participants signed informed consent before screening. Subjects were excluded if they were outside the age range of 18 -75 yr, were females who were pregnant or trying to become pregnant, had used tobacco products within the prior 6 mo, had used oral or topical corticosteroids within the previous 6 wk (except for patients with microscopic or ulcerative colitis who required steroid therapy), or had used nonsteroidal anti-inflammatory drugs within the previous week, or any other prescription, over-the-counter, or herbal medications that could alter gastrointestinal function 2 days before starting the study. They were required to refrain from ingestion of all artificial sweeteners 2 days before the study began until the end of all trials.
Saccharides and Radioisotopes
Lactulose (1,000 mg) (L7877, Sigma-Aldrich) and mannitol (200 mg) (M8429, Sigma-Aldrich) were utilized for all arms of the two studies. For the liquid formulation, these sugars were administered with 99m Tc-diethylenetriamine pentaacetic acid (DTPA) in 250 ml of water. In the capsule arm, the same amounts of the saccharides were delivered in a methacrylate-coated gelatin capsule swallowed with 250 ml of water. 111 In-DTPA in 100 l was applied by impregnating cellulose filter paper, and the capsule was then coated with the pH-sensitive polymer, methacrylate, which dissolves in the more neutral pH of the distal ileum to ensure delivery of the contents of the capsule into the ileocolonic region. Radioisotope was used to determine amount and location of the saccharides at standardized time points.
For the third arm, the healthy participants received 2 l of a standard polyethylene glycol colon cleansing solution the evening before the procedure, and participants remained fasting after midnight. Intravenous midazolam was used for sedation. Participants underwent colonoscopy, and the saccharides dissolved in 250 ml of water containing 99m Tc-DTPA were administered into the ascending colon with the use of a through-the-scope flexible catheter. Ten additional milliliters of water were injected to rinse the tube of the solution and isotope. Radioisotope was used to document placement of sugars into the right side of the colon.
Urine Collections, Radioscintigraphic Imaging/Calculations, and Meal Standardization
After oral ingestion of the sugars in liquid or capsule forms, urine was collected every 30 min for the first 2 h (when the participant was able to provide a specimen, and cumulated for the entire 2 h), every 2 h for the next 6 h, and from 8 to 24 h. After intracolonic administration of sugars, urine was collected every 30 min for the first 2 h and every 2 h for the next 6 h. The total volume of each collection was measured, and an aliquot from each collection was obtained to estimate the total content of each sugar for the different time intervals. The urine aliquot was stored at Ϫ20°C until it was thawed for analysis.
In studies that involved the liquid formulation, ␥-camera images were obtained every 30 min for the first 2 h, every 2 h for the next 6 h, and at 24 h to determine the location of liquid at each time point. In studies using the capsule, images were obtained at the same time points to document time of arrival of the capsule into the right colon, identified by radioopaque markers placed over the right anterior superior iliac spine. For the studies with intracolonic administration, images were obtained every 30 min for the first 2 h and then every 2 h for the next 6 h to document the sugars that remained within the colon.
Participants ingested a standardized meal during the first 8 h to avoid potential variations in gastrointestinal transit times. Specifically, 500 ml of water was given 30 min after sugar and radioisotope administration to aid in the collection of urine. A breakfast of egg, toast, and water was given after the 2-h camera image and a lunch of chicken, potato, and water was offered after the 6-h camera image. Water was allowed ad libitum throughout the day.
Measurement of Urinary Saccharides
Urinary saccharide concentrations were measured by high-performance liquid chromatography-tandem mass spectrometry. Details of this methodology are described elsewhere in the literature (6).
Data and Statistical Analysis
Intestinal permeability was measured using the urinary lactulose and mannitol excretion test in all subjects. The primary endpoints for the study were the cumulative excretion of liquid and encapsulated lactulose and mannitol during three nonoverlapping intervals: 0 -2, 2-8, and 8 -24 h, and in addition the 0 -8-h cumulative excretion of intracolonic lactulose and mannitol: cumulative excretion ϭ [concentration of sugar (g/ml)]* total urine volume (ml).
The secondary endpoints were the 0 -2-h cumulative excretion of liquid and encapsulated lactulose and mannitol and the lactulose: mannitol ratio (L:M ratio): L:M ratio ϭ 0.2 ϫ (cumulative excretion lactulose)/(cumulative excretion mannitol).
In the first study involving only healthy volunteers, the cumulative excretions of the saccharides by the three routes of administration were compared using the paired t-test or nonparametric alternative, the Wilcoxon signed-rank test, as warranted; the 0 -8-h excretion after intracolonic administration of sugars was compared with the 2-8-h excretion after ingestion of liquid and encapsulated sugars.
To appraise the optimal time for USE to measure small bowel permeability, data from urine excretion after ingestion of liquid formulation sugars were analyzed for the patients with IBS-D and healthy controls. Because the delayed-release capsule was intended to "protect" the sugars from absorption in the small intestine during transit of the capsule through the small bowel, we considered it best to try to optimize or validate the USE for small bowel permeability following liquid formulation. The time before the arrival of Ͼ25% isotope in the colon (T CF25%) was calculated by radioscintigraphy; this was selected as the comparator because it reflected the time when 75% of the sugars were still located in the small bowel. We assessed the agreement between the observed USE for T CF25% and different time periods (0 -60, 0 -90, 0 -120 min). The 0 -30-min urine collection was not calculated, as several participants could not provide a urine specimen at 30 min. The (linear) concordance correlation coefficient (CCC) and Bland-Altman plot between each collection period and T CF25% excretion were analyzed.
In the second study, the overall association of subject group (healthy volunteers, patients with IBS-D, patients with ulcerative/ microscopic colitis) with the cumulative excretion of the saccharides after oral liquid and separately, delayed-release capsule formulations, was assessed using the Kruskal-Wallis test (using an ␣ level of 0.05). The association of subject group with saccharide excretion for pairs of subject groups was assessed using the Wilcoxon rank-sum test (using an ␣ level of 0.0167, i.e., adjusting for 3 tests).
Statistical Power
Previous data in the literature that used a 0 -6-h urinary excretion profile indicated an intersubject standard deviation in L:M excretion ratios of 0.0021 with a mean of 0.0088 [coefficient of variation ϭ 24% (30)]. Because we did not have an estimate of the variation in (within subject) ⌬s for capsule vs. liquid formulation of L:M ratios before initiation of the study, we developed our study sample size assuming the variation would be greater and analogous to that between rather than within subjects. This precaution was taken to ensure that we did not underpower our proposed crossover study. Using an SD ϭ 0.0021, there was ϳ91% power to detect a difference of 0.0022 (vs. a zero difference in 0 -6-h urine L:M ratios) between liquid and capsule formulations with n ϭ 12 using a paired t-test. Note that this detectable difference in L:M ratio values between liquid and capsule formulations is 25% of the difference reported the literature between IBS and health using a liquid formulation (30) , indicating that the study had sufficient power to identify differences in L:M ratio. Table 2 lists demographic information for each group. All 12 healthy participants completed the three arms of the study. Ten of twelve patients with IBS-D completed both liquid and capsule arms of the study; one patient was only able to participate in the capsule arm and another patient only in the liquid arm of the study. Seven patients with microscopic colitis and three patients with ulcerative colitis with treated or inactive disease participated in both arms of the study and were combined into one group for analyses.
RESULTS
Participant Demographics
Identification of Optimal Time for Evaluation of Small Bowel Permeability
The median time for CF25% was 52 min [IQR 32, 82 (range 17-146)] for health (n ϭ 12) and 71 min [48, 146 (37-195) ] for IBS-D. Bland-Altman plots (Fig. 1) exhibited similar differences across the entire range of mean USE for each time (Table 3) . We concluded that the 0 -120-min collection best reflects small bowel residence of the saccharides. Therefore, in the remainder of the studies performed here, we used the 0 -120-min collection to assess small bowel permeability.
Study 1: USE after Oral Liquid and Delayed-Release vs. Intracolonic Administration in Healthy Controls
Proportion of radioisotope in the colon at prespecified times. Two hours after ingestion of liquid, the mean (Ϯ SE) proportion of radioisotope in the colon was 62 Ϯ 9% (median 66%). The percentage of isotope in the colon at 8 h was 89 Ϯ 3% (median 89.5%). The mean time of arrival of the radiolabeled capsule in the colon was 345 Ϯ 37 min (median 300 min). Scintiscans demonstrated that the intracolonic administration was correctly delivered to the right colon. The capsule did not reach the colon within 2 h postingestion in any participant. It was located in the colon by 8 h in all participants.
Urinary excretion profile with three routes of administration of sugars. Figures 2-4 show the cumulative urinary saccharide excretion, summarized as the mean across all 12 healthy volunteers, and the calculated L:M ratio from 0 -2, 2-8, and 8 -24 h, respectively. For the intracolonic infusion arm, we cumulated the entire 8-h collection and compared it with the 2-8-h collections by the two other formulations (Fig. 3) . Urinary excretion of mannitol and lactulose during 0 -2 h was greater with the oral liquid formulation than with the capsule; this is consistent with the intended protection of the sugars from absorption in the small bowel during this time.
We observed that the 2-8-h urinary excretion of mannitol after oral capsule formulation was very similar to the 0 -8-h mannitol excretion after intracolonic infusion of the sugar. In contrast, it was higher with the oral liquid formulation. It is worth noting that, on average, there was still ϳ34% of the liquid formulation in the small intestine at 2 h, and the higher urine mannitol excretion at 2-8 h might reflect, in part, ongoing small bowel permeability, whereas the capsule delivered the sugars predominantly to the colon. There was no difference in lactulose excretion by oral liquid and capsule formulations, suggesting that the two methods of administration are similar in measurement of permeability of the disaccharide during the 2-8-h period. The 2-8-h urinary excretions of lactulose with liquid or capsule formulation were, however, much lower than the 0 -8-h excretion after intracolonic infusion of the sugar, suggesting that absorption of this disaccharide may be altered by bowel preparation.
The 0 -8/2-8-h L:M urinary excretion ratios via the three formulations were significantly different because of the observed differences in cumulative excretion of mannitol and lactulose outlined above.
The 8 -24-h urinary excretions of both liquid and capsule lactulose and mannitol are similar, consistent with the observation that ϳ90% (median) of the sugars had entered the colon by 8 h. Thus the 8 -24-h L:M ratios by the two formulations were also found to be similar, as they reflected the presence of 90% of the sugars in the colon.
It is worth noting that even though five times as much lactulose as mannitol was given (Fig. 4) , there was a higher amount [total mass and hourly fractional excretion rate (not shown)] in excretion of mannitol than lactulose with the three forms of administration in all the timed urine collections: 0 -2, 0 -8/2-8, and 8 -24 h.
Study 2: Comparison of USE after Oral Liquid and Delayed-Release Administration in Patients with Health, IBS-D, and Microscopic/Ulcerative Colitis
Timed proportion of radioisotope into the colon. Two hours after ingestion of liquid, the mean (Ϯ SE) proportion of radioisotope in the colon was 56 Ϯ 11% in the patients with IBS-D and 35 Ϯ 8% for the combined colitis patients, compared with 62 Ϯ 9% in health. Eight hours after ingestion of liquid formulation, the mean proportion of radioisotope in the colon was 90 Ϯ 3% in the patients with IBS-D and 78 Ϯ 6% for the patients with combined colitis, compared with 89 Ϯ 3% in health. The mean (Ϯ SE) time of arrival of the radiolabeled capsule in the colon was 322 Ϯ 36 min for the IBS-D group and 313 Ϯ 53 min for the patients with colitis, compared with 345 Ϯ 37 min in health. The capsule had reached the colon at 60 min in one patient with IBS-D and at 120 min in one patient with IBS-D and one with colitis. Eight hours after ingestion, the capsule was located in the colon in all participants.
Urinary saccharide excretion and L:M ratios after oral liquid and delayed-release capsule administration. Figure 5 shows the comparative urinary lactulose and mannitol excretion and L:M ratio after oral liquid administration. Increased urinary excretion of both sugars at 8 -24 h after oral liquid formulation (mannitol, P ϭ 0.056; lactulose, P ϭ 0.035) was observed in the colitis group compared with health, not at 0 -2 h. There were no significant associations of sugar excretion with group for the colitis and IBS-D groups.
With the liquid formulation, comparison of health and IBS-D (Fig. 5) showed an association of urine mannitol excretion at 0 -2 h (P ϭ 0.056) and 2-8 h (P ϭ 0.0489) and a numerical but nonsignificant difference in lactulose excretion (P ϭ 0.097) at 8 -24 h. Figure 6 shows the excretion data and L:M ratios after the delayed-release capsule formulation in the health, IBS-D, and colitis groups. Although the data trends are similar to those observed with the liquid formulation, no significant associations with group were observed.
DISCUSSION
This study provides information on the optimal time to collect urine in the USE test for assessing small intestinal and colonic permeability. It also provides more convincing evidence of increases in both small bowel and colonic permeability in IBS-D, on the basis of our validated times for urine collections.
Validation of Optimal Urinary Excretion Profiles for Small Bowel and Colonic Permeability
As shown in Table 1 , the prior literature documents the use of several different time periods to assess small bowel permeability including 0 -2, 0 -3, 0 -5, and 0 -6 h. In addition, colonic permeability with 51 Cr-EDTA typically used three collections, 0 -3, 3-5, and 5-24 h after ingestion of the probe molecule. Dunlop et al. (9) identified a higher excretion during 0 -3 h in postinfectious IBS than in controls; however, no differences were identified in the 3-5-or 5-24-h collections, suggesting that the higher excretion from 0 -3 h reflected predominantly small bowel permeability. The lack of difference in the 5-24-h collections suggests that these patients with Excretion is during the time before arrival of Ͼ25% isotope in the colon (TCF25%). CCC, concordance correlation coefficient; CI, confidence interval.
postenteritis IBS did not have increased colonic mucosal permeability. Given the molecular weight (292 Daltons) and diameter [ϳ10Å (3)] of EDTA and the fact that small intestinal permeability is greater than colonic permeability, it is conceivable that this measurement of permeability by 51 Cr-EDTA is more sensitive to identify changes in small bowel than colonic permeability in IBS.
We used the simultaneous abdominal imaging approach to assess when the isotope was located in the colon, as a means of identifying the time when the urinary excretion reflected mostly small bowel permeability. Overall, our data suggest that 0 -2 h is the most appropriate collection period to assess sugar excretion as a measure of small bowel permeability and that the liquid formulation is most useful for this assessment. When we protected the sugars from proximal small intestinal delivery by means of a delayed-release capsule, we observed the expected difference in sugar excretion during 0 -2 h between liquid and capsule formulations, as the latter had not released most of the sugars to allow their absorption.
Despite the fact that a small proportion of the sugars was identified in the colon by 2 h, we found that the CCCs between 0 -60-, 0 -90-, and 0 -120-min excretions and T CF25% excretion of each saccharide were not significantly different. In our study, almost 70% of patients with IBS-D had T CF25% of Ͼ120 min. Because we are interested in studies of small bowel permeability in human diseases such as IBS, our data suggest that the 0 -120-min urine collection reflects small bowel residence of the saccharides. This collection period is most practical, allowing sufficient contact time with small bowel mucosa and adequate time for urine excretion to occur. We therefore propose that 0 -2 h be used as the standard collection time for studies of small bowel permeability in vivo in humans, especially if an assessment of time to arrival of saccharides into the colon by simultaneous imaging is not possible.
The oral liquid and capsule formulations were associated with similar urinary excretion profiles between 8 and 24 h when the Scintiscans showed that most (median ϳ90%) of the isotopes were in the colon, thus reflecting colonic mucosal permeability. To further validate the observation that urine excretion by liquid formula beyond 2 h reflected (in part) colonic mucosal permeability, we compared the excretion of sugars 0 -8 h after intracolonic administration with excretion 2-8 h after oral liquid and capsule formulation. As noted in Fig. 3 , mannitol excretion is not different by capsule and intracolonic administration, but both are lower than oral liquid formulation. This may reflect the fact that at 2 h there was still about a third of the liquid in the small bowel by scintigraphy, and therefore the mannitol excretion at 2-8 h after liquid formulation is attributable to both small bowel as well as colonic permeability. We also found higher lactulose excretion 0 -8 h after intracolonic administration compared with oral ingestion of both liquid or capsule formulations, suggesting that colon cleansing with polyethylene glycol-containing solution may increase absorption and subsequent excretion of the disaccharide.
Overall, these observations suggest that the 0 -2-h urinary mannitol excretion after oral liquid formulation provides the best estimation of small bowel permeability, on the basis of location of the sugars and the much higher absorption and excretion of the monosaccharide mannitol than the disaccharide lactulose. The 8 -24-h excretion of mannitol and lactulose after either oral liquid or capsule formulation provides similar summaries of colonic permeability. On the other hand, the 2-8-h collections reflect both small bowel and colonic permeability. Therefore, urine collections beyond 2 h cannot be used to selectively assess small bowel permeability. Data utilizing urine collections from 0 -6 h after ingestion of sugars or other probes used in prior studies in the literature (Table 1) to characterize small bowel permeability are likely to include components of both small bowel and colonic permeability.
Interpretation of L:M Ratios
Similar to our observations in a prior study (5), we noted a discrepancy between cumulative urinary excretion of mannitol and the calculated L:M ratio after liquid formulation in the 0 -2-, 2-8-, and 8 -24-h collections. Traditionally, a higher L:M ratio is interpreted as representing "increased" permeability and vice versa. However, we found that the L:M ratio after liquid formulation increased in value over time, i.e., the L:M ratio in healthy volunteers was 0.04 (mean) at 0 -2 h and 0.09 (mean) at 8 -24 h, suggesting that the colon is more permeable than the small bowel. This is inconsistent with studies of transepithelial resistance in different regions of the intestine and colon in the literature, which suggest greater resistance in the colon than in the small intestine (17) . Furthermore, the L:M ratio with direct colonic infusion was 0.25 (mean), whereas the liquid formulation L:M ratio at 0 -2 h was 0.04 (mean), again incorrectly suggesting increased permeability in the colon compared with the small bowel.
Despite the fivefold higher mass of lactulose ingested compared with mannitol, we detected greater cumulative urine excretion by mass of liquid mannitol than lactulose in the 0 -2-, 2-8-, and 8 -24-h collections in IBS-D and both control groups, suggesting greater absorption of the monosaccharide than the disaccharide. This consequently produced a decrease in the value of the L:M ratio over time, leading to an erroneous impression of decreased permeability in the small intestine.
We also found that the mean L:M ratio in IBS-D was smaller than in health, suggesting lower permeability in IBS-D. This contrasts with the finding of significantly increased cumulative urinary mannitol excretion 0 -2 and 2-8 h after ingestion of the liquid formulation sugar, compared with health.
Another example of the L:M ratio leading to misinterpretation is seen in the positive control group of patients with colitis. The expected increase in colonic permeability was identified in this group by the cumulative excretion of each individual sugar; however, the L:M ratio was not significantly increased relative to controls. Utilizing the L:M ratio alone in this group would have failed to detect the increased colonic permeability. It appears clear that increased urinary mannitol excretion during all three timed collections decreases the value of the L:M ratio, leading to an inaccurate interpretation of permeability measurements. Because of our findings, we have come to the conclusion that the L:M ratio needs to be interpreted with caution and that there does not appear to be any advantage or additional information provided by L:M ratios over that from the excretion profile of the individual sugars.
Comparison of Permeability in IBS-D and Positive and Negative Control Groups
The expected increase in urinary saccharide excretion at 8 -24 h was observed in the positive control group of treated or inactive ulcerative/microscopic colitis, which are illnesses associated with increased colonic permeability (26) . The patterns of urine sugar excretion after both liquid and capsule formulations are similar; however, the liquid formulation was associated with significant differences even with the relatively small sample sizes in this study, and, given the ease of preparation and convenience, the liquid formulation appears to be the more convenient. Compared with healthy controls, 8 -24-h urinary lactulose excretion was increased in IBS-D, reflecting higher colonic mucosal permeability. Although there was higher 8 -24-h urine mannitol excretion in IBS-D than in healthy controls, this did not reach significance and may represent a type II error.
Several prior studies in the literature have also documented increased permeability (based on the timing of the urine collection), presumably in the small bowel (9) and in the colon (33, 34) in IBS, including IBS-D. The increased urinary mannitol excretion at 0 -2 h reflects greater small bowel permeability in IBS-D, on the basis of our simultaneous scintigraphic data documenting location of the sugars. We also observed increased urine mannitol excretion at 2-8 h in IBS after liquid formulation, possibly reflecting the increased small bowel mucosal permeability in IBS-D.
Keita and Soderholm summarized the neuroimmune interactions with the epithelial cells in the regulation of barrier function (12) . Neural impulses from extrinsic vagal and/or sympathetic efferent fibers or intrinsic enteric nerves influence mucosal barrier function via direct effects on epithelial cells or via interaction with immune cells. Nerve-mediated activation of the barrier includes corticotropin-releasing hormone or cholinergic pathways. In addition, mucosal mast cells (32) , which are implicated in IBS animal models and in some patients with IBS, release a variety of mediators such as tryptase, tumor necrosis factor-␣, nerve growth factor, and interleukins with affect transcellular and/or paracellular permeability (12) . These neurohormonal and inflammatory influences on permeability suggest that optimizing in vivo permeability measurements is important, as some of these influences may be lost when permeability is tested in vitro in mucosal biopsies, which may also be susceptible to sampling bias.
We did not include sucralose in our sugar cocktail despite the potential advantage that this sugar is not metabolized by colonic bacteria. Sucralose is absorbed in the small intestine [as shown in experiments conducted in ileostomates (1)], and recent evidence suggests its absorption and excretion profile is similar to that of mannitol. The performance on repeat testing of the lactulose and mannitol USE test has been reported in the literature (31) .
The noninvasive and relatively simple measurements using two sugars of different molecular sizes add to the potential usefulness of the method. We have demonstrated the expected increase in colonic permeability in inactive ulcerative and microscopic colitis and identified both small bowel and colonic permeability increase in patients with IBS-D. The method can be applied to study mucosal function in patients with IBS, food hypersensitivity including gluten intolerance, and the effects of treatments directed at mucosal pathophysiology such as antiinflammatory agents, mast cell stabilizers, and modulation of the microbial flora with nonabsorbed antibiotic or probiotics (8, 14, 22, 25) .
In conclusion, we have validated the optimal design and interpretation of the two-sugar USE test to measure small bowel and colonic permeability in humans. The liquid formulation appears to be the most sensitive and has the additional appeal of simplicity and convenience. Measurements of L:M ratios do not appear to add relevant information to the absolute excretion of sugars at 0 -2 and 8 -24 h after oral administration. Patients with IBS-D have increased small bowel and colonic permeability.
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